Urea cycle defects presenting early in life with hyperammonemia remain difficult to treat and commonly necessitate liver transplantation. Gene therapy has the potential to prevent hyperammonemic episodes while awaiting liver transplantation, and possibly also to avert the need for transplantation altogether. Ornithine transcarbamylase (OTC) deficiency, the most prevalent urea cycle disorder, provides an ideal model for the development of liver-targeted gene therapy. While we and others have successfully cured the spf ash mouse model of OTC deficiency using adeno-associated virus (AAV) vectors, a major limitation of this model is the presence of residual OTC enzymatic activity which confers a mild phenotype without clinically significant hyperammonemia. To better model severe disease we devised a strategy involving AAV2/8-mediated delivery of a short hairpin RNA (shRNA) to specifically knockdown residual endogenous OTC messenger RNA (mRNA). This strategy proved highly successful with vector-treated mice developing severe hyperammonemia and associated neurological impairment. Using this system, we showed that the dose of an AAV rescue construct encoding the murine OTC (mOTC) cDNA required to prevent hyperammonemia is fivefold lower than that required to control orotic aciduria. This result is favorable for clinical translation as it indicates that the threshold for therapeutic benefit is likely to be lower than indicated by earlier studies.
IntroductIon
Urea cycle defects presenting early in life with hyperammonemia remain difficult to treat and commonly necessitate liver transplantation. 1 Ammonia is highly neurotoxic, 2 such that the prognosis for affected infants is closely linked to the severity and duration of hyperammonemic episodes, occurring at the time of presentation and/or while awaiting liver transplantation. 3, 4 Medical interventions including dietary protein restriction, arginine supplementation, and pharmacological induction of ammonia clearance by alternate pathways, while useful, often fail to control hyperammonemia in the face of catabolic stress occurring in concert with intercurrent illness. Gene therapy has the potential to be curative, in the first instance by preventing hyperammonemic episodes while awaiting liver transplantation, and subsequently by averting the need for transplantation altogether once the challenges of vector safety and persistence of transgene expression have been addressed. 3, 5 Among urea cycle defects, ornithine transcarbamylase (OTC) deficiency is the most prevalent 6 and provides an ideal model for the development of liver-targeted gene therapy. 5 We and others have successfully cured the spf ash mouse model of OTC deficiency using adeno-associated virus (AAV) vectors. 7, 8 One of the limitations of the spf ash mouse, however, is the presence of residual OTC enzymatic activity, such that affected mice exhibit a mild phenotype with elevated urinary orotic acid levels, but no clinically significant hyperammonemia. 9 As a consequence, studies performed to date have used normalization of urinary orotic acid levels and response to ammonium challenge 7, 8 as measures of metabolic correction rather than control of hyperammonemia, which is the relevant therapeutic end point. This limitation precludes studies designed to determine the minimum level of stable gene transfer required to control hyperammonemia, which we hypothesized to be significantly less than that required to control orotic aciduria.
To address this shortcoming of the OTC-deficient spf ash mouse model we devised a strategy involving AAV2/8-mediated delivery of a short hairpin RNA (shRNA) designed to specifically knockdown residual endogenous OTC messenger RNA (mRNA) in the liver with a view to inducing a hyperammonemic phenotype. This strategy proved robust and highly successful with vector-treated mice developing severe hyperammonemia and associated neurological impairment within 4-17 days of treatment. This model system was used to define the minimum levels of OTC gene transfer required to prevent hyperammonemia by dose titration of an AAV rescue construct encoding the murine OTC (mOTC) cDNA. Consistent with our hypothesis, these experiments showed that the vector dose required to prevent hyperammonemia is fivefold lower than that required to control orotic aciduria. This result is favorable for the clinical translation of gene therapy for OTC deficiency from mouse to man as it indicates that the threshold for therapeutic benefit is likely to be lower than indicated by earlier studies. The model also revealed that vector-encoded OTC activity is less efficacious than equivalent levels of endogenous activity, suggesting further gains are likely to be achieved by efforts to mimic endogenous patterns of urea cycle enzyme activity across the hepatic lobule. In summary, the shRNA-induced hyperammonemic OTCdeficient spf ash mouse model reported here more accurately recapitulates the clinical challenge of liver-targeted gene delivery in the treatment of severe OTC deficiency than do currently available models. This model should also prove useful in the study of ammonia neurotoxicity. results design and screening of shrnAs for knockdown of murine otc mrnA A panel of five shRNA-encoding DNA cassettes were designed to specifically knock down endogenous mOTC mRNA, but not vector-encoded mOTC mRNA. This was achieved by targeting the 3′ untranslated region (UTR) of mOTC mRNA, absent from vectorencoded transcripts ( Table 1 and Figure 1a) . The shRNA sequences were initially subcloned into PPT.CG.H1 10 under the transcriptional control of the H1 RNA polymerase III promoter, and screened for relative knockdown efficacy in a transfection assay in human embryonic kidney 293 cells transiently expressing full-length mOTC mRNA transcripts from a plasmid vector (pTarget-mOTC-3′UTR). Western analysis of OTC protein revealed that three of the five shRNAs tested substantially reduced OTC expression (Figure 1b) . Of these shRNAs, *103-*121 was chosen for further analysis (designated shRNA-OTC), and along with a nonsense shRNA was subcloned into a previously described AAV2 vector construct 11 upstream of the existing liver-specific expression cassette (Figure 1c) . The recombinant vector genomes were then encapsidated with the highly murine liver-tropic AAV8 capsid for in vivo studies.
Induction and Prevention of
conversion of otc-deficient spf ash mice to a severe hyperammonemic phenotype To test in vivo knock down efficacy young adult male spf ash mice were injected via the intraperitoneal route with the rAAV2/8 vector encoding shRNA-OTC over a range of doses from 1 × 10 11 to 1.5 × 10 12 vector genome (vg)/mouse. The negative control vector encoding the nonsense shRNA was delivered at a single high dose of 1 × 10 12 vg/mouse. Mice were then observed daily for up to 1 month for evidence of ill health and/or signs of neurological dysfunction. Mice receiving the nonsense shRNA remained clinically well throughout the observation period with normal ammonia levels. In contrast, all mice receiving vector encoding shRNA-OTC either died precipitously or developed severe ataxia, necessitating euthanasia, within 4-14 days with associated severe hyperammonemia ( Figure 2 and Table 2 ). Analysis of plasma alanine transaminase levels collected at time of death excluded nonspecific liver toxicity. Analysis of livers harvested at the time of death or euthanasia revealed that induction of hyperammonemia by treatment with shRNA-OTC was associated with suppression of OTC enzymatic activity to ≤2.5% ( Table 2) . 8 while the enhanced green fluorescent protein (eGFP) vector was included as a negative control to exclude possible competition effects that might nonspecifically ameliorate the effect of shRNA-OTC delivery. As expected, all mice receiving shRNA-OTC in combination with the eGFP-encoding vector developed neurological signs within 13-15 days and were found to have significantly elevated plasma ammonia levels (Figure 3a) and reduced OTC enzymatic activity in the liver (Figure 3b) . In contrast, all mice receiving shRNA-OTC in combination with the mOTC-encoding vector remained clinically well with normal plasma ammonia levels (Figure 3a) and restoration of OTC enzymatic activity from the levels seen in untreated spf ash mice to approximately twofold above wild-type levels (Figure 3b) .
Hyperammonemia can be prevented with a fivefold lower dose of therapeutic vector than is required to normalize orotic aciduria
In a further experiment, we set out to establish the minimum dose of mOTC-encoding vector required to prevent the development of hyperammonemia. , and 5 × 10 9 vg/mouse. Mice receiving shRNA-OTC and the eGFP-encoding vector exhibited persistent orotic aciduria and developed neurological signs within 9-17 days at all doses tested, with hyperammonemia and reduced OTC enzymatic activity (Figure 4) . In the cohort of mice that received the lowest dose of rescue vector (5 × 10 9 vg/mouse) all exhibited persistent orotic aciduria and developed hyperammonemia, with 3 of 4 mice showing neurological signs. Interestingly, OTC activity in these mice (4.9 ± 1.1% wild-type) was similar to that observed in untreated spf ash mice. In mice receiving the intermediate dose of rescue vector (1 × 10 10 vg/mouse) all were protected from hyperammonemia, with reduction, but not normalization, of orotic aciduria. Mean OTC activity in these mice was approximately threefold above the levels observed in untreated spf ash mice and 16.6 ± 3.6% wild-type levels. At the highest dose of rescue vector examined (5 × 10 10 vg/ mouse) all mice were protected from hyperammonemia and urinary orotic acid levels were normalized. Taken together, these results show that the dose of OTC-encoding vector required to correct hyperammonemia, the therapeutically relevant end point, is fivefold lower than the dose required to correct orotic aciduria.
Induction of an otc-deficient phenotype in wild-type mice
In a final experiment, we set out to establish whether an OTCdeficient phenotype could be induced in wild-type mice using the OTC knockdown vector. Ten adult wild-type C57BL/6 male mice were injected with either knockdown vector or the negative control vector at a dose of 1 × 10 11 vg/mouse, and monitored up to 6 weeks postinjection. All mice receiving the knockdown vector developed marked orotic acidura, with a slight but not clinically significant elevation in ammonia levels, consistent with the successful induction of a mild OTC-deficient phenotype ( Table 3) . The residual OTC enzyme levels observed were similar to those in untreated OTC-deficient spf ash mice. 12 to 1 × 10 11 vector genomes (vg)/mouse. Mice were observed for up to 1 month postinjection and at signs of neurological damage mice were euthanized and blood and liver collected for analysis. (a) Plasma ammonia levels and (b) OTC activity in liver lysate from wild-type (n = 6), untreated spf ash (n = 6), and spf ash mice injected with shRNA-OTC (n = 12) and shRNA-ns (n = 3). (c) Kaplan-Meier survival analysis of spf ash mice injected with shRNA-OTC (n = 12; closed circle) and shRNA-ns (n = 3; closed square). The data presented for the spf ash mice injected with shRNA-OTC is the average of all mice with doses from 1.5 × 10 12 to 1 × 10 11 vg/mouse. The dose of vector containing shRNA-ns was 1.5 × 10 12 vg/mouse. Error bars represent mean ± SEM. *P < 0.05; **, not significant (Mann-Whitney U test). OTC, ornithine transcarbamylase; shRNA, short hairpin RNA.
shRNA-induced Hyperammonemia in the spf ash Mouse dIscussIon Urea cycle defects are attractive targets for gene therapy and have the potential to serve as a paradigm for the broader application of gene therapy to genetic/metabolic liver disease. The central function of the urea cycle is to convert ammonia, a highly neurotoxic product of protein catabolism, to urea for excretion in the urine. 2 Among urea cycle defects OTC deficiency is the most prevalent, and commonly presents in the newborn period with life-threatening hyperammonemia requiring aggressive medical management and liver transplantation as early as surgically feasible.
12,13
More mild phenotypes can be managed medically, but control and prevention of hyperammonemic episodes precipitated by excess protein intake, fasting, and intercurrent illness remain the key therapeutic challenge. Existing mouse models have proven useful in the evaluation of gene therapy approaches to the treatment of urea cycle defects, 5, 14 but are inherently limited by the neurotoxicity of ammonia. In gene knockout models, such as for argininosuccinate synthetase deficiency (citrullinaemia), 15 affected pups die from hyperammonemia within the first 24 hours of life, making experimental intervention difficult. Milder phenotypes, such as the OTC-deficient spf ash mouse model used in this study, 9 survive to adulthood but do not exhibit clinically significant hyperammonemia. As a consequence, biochemical end points such as normalization of urinary orotic acid levels and restoration of liver ureagenic capacity are used as measures of therapeutic efficacy. 7, 8 While capable of definitively demonstrating full phenotype correction, these end point measures do not allow determination of the minimal levels of gene transfer that would be required to control of hyperammonemia. For human clinical translation this is a critical question, the answer to which will provide important insights into the levels of gene transfer that are likely to be required for clinical benefit.
To address this question we have developed a model system in which the mild OTC-deficient phenotype of spf ash mice is converted to a severe hyperammonemic phenotype by shRNA-mediated knockdown of residual endogenous OTC mRNA. Highly efficient liver-directed delivery of shRNA was achieved using an AAV2/8 vector, and specificity for knockdown of endogenous OTC mRNA by targeting sequences in the 3′ UTR. This strategy allows rescue of the induced hyperammonemic phenotype by vectors encoding the mOTC cDNA open reading frame, but lacking the 3′UTR. At all vector doses tested, down to 1 × 10 11 vg/mouse, adult spf ash mice reliably developed severe hyperammonemia with associated ataxia and rapid deterioration within 4-14 days of vector delivery by simple intraperitoneal injection. Even at the highest vector doses tested, 1.5 × 10 12 vg/mouse, there was no evidence of nonspecific liver toxicity as judged by the presence of normal plasma alanine transaminase levels. Associated OTC enzymatic activity in hyperammonemic mice ranged from 1 to 2.5% wild-type levels, consistent with residual enzymatic activities observed in humans presenting early in life with life-threatening hyperammonemia. 16 Using a previously described mOTC-encoding AAV2/8 vector, 8 this model system was then exploited to define the minimal levels of gene transfer required to control hyperammonemia. Several important observations emerged. First, the dose of OTC-encoding AAV2/8 vector required to control shRNA-OTCinduced hyperammonemia was found to be fivefold lower than the dose required to normalize urinary orotic acid levels. Second, after knockdown of endogenous residual OTC activity in spf ash mice, the level of vector-encoded (exogenous) OTC enzymatic activity required to prevent hyperammonemia was approximately threefold above the enzymatic activity present in untreated spf ash mice. Put simply, vector-encoded OTC activity proved less efficacious than equivalent levels of endogenous activity. This is likely to be the consequence of the nonphysiological levels and patterns of exogenous OTC expression across the hepatic lobule following AAV-mediated gene transfer. We have previously shown that the OTC-encoding vector used in this study, while capable of transducing up to 100% of hepatocytes in the mouse liver, achieves higher levels of OTC expression around the central vein of the hepatic lobule. 11 Endogenously expressed urea cycle enzymes, including OTC, exhibit metabolic zonation 17, 18 with maximal expression in the periportal regions of the hepatic lobule and progressively lower levels toward the central vein. Exogenous OTC activity expressed in excess toward the centre of the hepatic lobule would therefore be expected to contribute relatively less to ammonia clearance and ureagenesis. Similarly, exogenous OTC activity in excess of physiological levels in individual hepatocytes, irrespective of location within the hepatic lobule, is likely to contribute little to the overall ureagenic capacity of the liver. Taken together, these observations show that while the levels of gene transfer required to control hyperammonemia are considerably lower than those required to control orotic aciduria, optimal therapeutic effectiveness will require the development of vector expression cassettes capable of delivering more physiological patterns of gene expression.
In summary, we have successfully developed a hyperammonemic mouse model of OTC deficiency that better represents the challenge of gene therapy for urea cycle defects than do the currently available mouse models with mild OTC-deficient phenotypes. The model also avoids the challenges of working with knockout models of urea cycle defects where hyperammonemia is neonatal lethal, by allowing programmed induction of a severe hyperammonemic phenotype in adulthood. In addition to the development of gene therapy strategies for treating metabolic liver disease, the model should also prove useful for the study of the neuropathology caused by hyperammonemia and the underlying mechanisms of toxicity. 9 At signs of neurological damage, or 1 month postinjection, blood, and liver were collected for analysis. (a) OTC activity in liver lysate, (b) urinary orotic acid levels, and (c) plasma ammonia levels were analyzed from spf ash mice injected with shRNA-OTC and either rAAV2/8-LSP1eGFP (white) or rAAV2/8-LSP1mOTC (black) over a range of doses (n = 4 for each cohort). Error bars represent mean ± SEM. eGFP, enhanced green fluorescent protein; LSP1, liver-specific promoter; mOTC, murine ornithine transcarbamylase; shRNA, short hairpin RNA; vg, vector genomes. rAAV2/8shRNA-OTC 87.9 ± 16.6 (n = 10) 1,177.9 ± 247.9 (n = 9) 6.3 ± 0.4 (n = 10) rAAV2/8shRNA-ns 59.0 ± 6.2 (n = 8) 90.9 ± 3.9 (n = 7) 100.0 ± 2.1 (n = 8)
Abbreviations: ns, nonsense; OTC, ornithine transcarbamylase; rAAV, recombinant adeno-associated virus; shRNA, small hairpin RNA; vg, vector genomes. a P < 0.05, no significant difference between the two groups (Mann-Whitney U test). Data presented as mean ± SEM.
